Graphite's capacity of intercalating lithium in rechargeable batteries is limited (theoretically, 372 mAh g −1 ) due to low diffusion within commensurately-stacked graphene layers. Graphene foam with highly enriched incommensurately-stacked layers was grown and applied as an active electrode in rechargeable batteries. A 93% incommensurate graphene foam demonstrated a reversible specific capacity of 1,540 mAh g −1 with a 75% coulombic efficiency, and an 86% incommensurate sample achieves above 99% coulombic efficiency exhibiting 930 mAh g −1 specific capacity. The structural and binding analysis of graphene show that lithium atoms highly intercalate within weakly interacting incommensurately-stacked graphene network, followed by a further flexible rearrangement of layers for a long-term stable cycling. We consider lithium intercalation model for multilayer graphene where capacity varies with N number of layers resulting Li N+1 C 2N stoichiometry. The effective capacity of commonly used carbon-based rechargeable batteries can be significantly improved using incommensurate graphene as an anode material.
Lithium-ion batteries (LIBs) as high energy-and power-density rechargeable batteries are in high demand for energy storage systems. Development of high capacity LIBs anode materials will have a profound and direct impact on current commercial and emerging markets such as portable electronics, electric vehicles and electric grid storage.
Lithium intercalation into graphitic materials has been studied since the 1950's 1 . Later, it was found that graphite had practical application in rechargeable batteries as an anode material. Graphite-based LiBs exhibit high energy density, high power density, and high current efficiency, and so are commonly employed, though they possess low capacity. Silicon has been recognized as another promising anode candidate for a high-energy density LIBs with a theoretical capacity of 4,200 mAh g −1 . However, Si anodes exhibit significant volume change during the initial charge/discharge cycles that results in significant chemical and mechanical degradation in anode and consequent rapid capacity fading 2, 3 . Various scientific and technological solutions have been proposed including to redesign Silicon structures or integrate it with another high conductive protective carbon materials such as graphene 4, 5 .
The maximum capacity of crystalline graphite (372 mAh g −1 ), consisting of commensurately-stacked layers of graphene, can be achieved by transferring one lithium atom per six carbon atoms resulting LiC 6 stoichiometry 6 . However, the intercalation occurs at prismatic surfaces (arm-chair and zig-zag faces) only, and no significant lithium reversibly intercalates between commensurately-stacked (referred also as Bernal or AB stacking) layers due to the strength of repulsive interactions that arise due to the orthogonality of interplanar π orbitals of sp 2 carbon. Numerous classes of carbonaceous materials were synthesized over the past 30 years and higher capacities have been reported, but no significant gain in effective capacity has been achieved 7, 8 capable of hosting the lithium strongly depends on various factors including crystallinity, surface area, and stacking geometry [12] [13] [14] . A high capacity (1,050 mAh g −1 ) was measured for chemically-derived defective graphene 15 , and defect-free few-layer graphene 16 (850 mAh g −1
), but these cells were unstable for high discharge rates and for long-term cycling. Recently, the defective porous graphene network demonstrated a tendency to increase capacity during cycling, achieving up to 900 mAh g −1 which remained stable over hundreds of cycles 17 . The subsequent calculations confirmed that topologically defective graphene is capable of storing more lithium 18, 19 . Though, there is not yet a succinct model offering a clear mechanism of lithium intercalation within defect-free multilayer structures or theoretical limit of capacity depend on graphene layers. Multilayer graphene is particularly interesting because its electronic properties can be manipulated through variation of layers and their orientation 20, 21 . Particularly, the absence of commensurately-stacking order within adjacent graphene layers results in a weaker Van der Waals forces. An increase in rotation angle between layers decreases interplanar interaction so that the incommensurate multilayers can be considered as a single layer with modified electronic structure [22] [23] [24] . In fact, the incommensurately-stacked infinite layer graphene can be considered "graphite-like" structure with weakened interplanar interaction exhibiting novel physical and electronic properties. It has been shown that theoretical quantum capacitance of multilayer graphene significantly improves by altering its local structure and morphological features 25 . In this study we demonstrate a novel incommensurately-stacked graphene 3D network and its use as a high-capacity lithium intercalation anode in rechargeable batteries. We found that specific capacity is enhanced when commensurately stacking order of graphene layers was reduced in an anode material. As-grown highly (up to 93%) incommensurate graphene demonstrates four times higher reversible capacity (1,540 mAh g ) than theoretical capacity of graphite which is stable throughout 100 cycles. Testing for 100 charge/discharge cycles 86% sample indicates excellent reversibility with over 99% coulombic efficiency with 930 mAh g −1 capacity. To explain exceptionally high capacities, we investigate lithium intercalated graphene structures and propose a model in which the finite layers of graphene can demonstrate higher capacity, achieving a maximum of 1,674 mAh g −1 in bilayer configuration.
Results and Discussion
In recent years, copper and nickel have been found to be an excellent catalytical substrates to develop two [26] [27] [28] and three dimensional (3D) commensurate multilayer graphene (CMLG) [29] [30] [31] for various applications. Here, we grew a thin graphene film on few-micron sized nickel particles, assembled as 3D template, by decomposition of : blue dots -discharge, red squares -charge capacity, black open triangles -coulombic efficiencies (axis in right). methane at 1,000-1,050 °C under low pressure ( Fig. 1a and see Supplementary Fig. 1 ). After etching the nickel, only graphene network remains which consists of micron-sized curved transparent sheets connected to each other as a foam without significant damage and agglomeration and which are separated from each other by micro-pores (Fig. 1b, Supplementary Figs 2 and 3) . The curvature of graphene sheets, presumably, originates from the catalyst shape since there is similarity in their morphology. A relatively large amount (~20 mg) incommensurate multilayer graphene (IMLG) 3D network was collected from each process which was enough to fashion into an anode material for many coin cells (Fig. 1c) . The final graphene product contains 97-99% carbon with very low oxygen content (see Supplementary Fig. 4 ). X-ray photoelectron spectroscopy (XPS) shows that the carbon is primarily sp 2 with relatively low amounts of sp 3 and C = O components and no significant amorphous carbon (see Supplementary Figs 5 and 6 ). X-ray diffraction (XRD) pattern shows a sharp (002) peak at 2θ = 26.45° corresponding to the average d layer spacing of 3.36 Å and accompanied small (004) peak at 54.73° (Fig. 2a) . These peaks indicate interplanar stacking, while the absence of the other diffraction peaks such as (101), (112), (113) etc. indicates the absence of commensurate stacking within layers. The (100) and (110) peaks at 42.63° and 77.57°, respectively, originates from in-plane crystallinity of graphene. The Gaussian fit of the (002) peak reveals few peaks with d varies from 3.34 to 3.45 Å as an evident of various number of layers (inset- Fig. 2a ) similar to graphite. Specific Surface Area (SSA) of graphene foams shows 90-100 m 2 g −1 as measured by Bruner-Emmett-Teller (BET) method (see Supplementary Fig. 7 ), which is 26-30 × less of SLG (theoretically 2,630 m 2 g −1 ) assuming these graphene samples consists of 26-30 layers on average. Similarity of d-spacing suggests that no Nitrogen gas absorbs between layers, and an increased SSA is the result of thinner graphene sheets with pores.
High-Resolution Transmission Electron Microscopy (HRTEM) confirms that the sheets contain 2-30 layers (see Supplementary Fig. 8 ), and much thicker (up to 50 layers) sheets present only occasionally. Fast Fourier Transform (FFT) filtering of HRTEM image (Fig. 2b ) results in Moiré patterns (Fig. 2c) , which are observed when layers are rotated or twisted 32 . Selected Area Electron Diffraction (SAED) measurements, under TEM, show diffractions of two or more hexagonal single-crystalline patterns rotated at 5-30° angles (Fig. 2d,e and Supplementary Fig. 9 ), which indicate the misorientation of layers.
Raman spectra provide the structural and electronic details of graphene-related materials such as stacking order, the number of layers, quantity and nature of defects, and doping 33, 34 . The shape and width of the 2D band can distinguish the stacking 35, 36 and relative orientations 37 . Multilayer graphene 2D band either is single-or multiLorentzian fit discriminates between commensurate and incommensurate stacking ( Fig. 2f-h) . The values of 2D bandwidth (presented as full width of half maxima -FWHM) and I 2D /I G (here, I 2D and I G are the heights of 2D and G bands, respectively) of forty-five typical Raman spectra from various regions of samples were carefully analyzed (see Supplementary Table 1) to classify incommensurate and commensurate stacking. The higher is the ratio I 2D / I G and narrower 2D band is, the weaker the interplanar coupling is, thus closer resembling to spectrum of SLG. However, we found both 2D and G bandwidths are broader than we expect for SLG, even I 2D /I G = 4.81 confirming this graphene is not a single layer.
A direct determination of FWHM and I 2D /I G values can also be acquired to generate Raman maps. Thus, we analyzed 2D and G bands by processing several maps to estimate percent of incommensurate stacking in graphene foam (see Supplementary text and Supplementary Table 2 ). Aberration of these values of incommensurately stacking spots is likely caused by the variety of interplanar rotation angles of adjacent layers as noted in ref. 37 . The 2D band becomes broader and consists of multi-Lorentzian of a mixture commensurate and incommensurate due to their overlapping exposure to laser 38 which we still count as CMLG (Fig. 2g ). Sample 1 was estimated 93% of IMLG (inset- Fig. 2f ), which often exhibits impressive homogeneity in the large mapping areas ( Supplementary Fig. 10 ). The position of 2D peak does not show significant variation overall. It is important to note that FWHM in the range of 56-65 cm −1 with I 2D /I G ≥ 0.94 ( Fig. 2f ) 2D peak has a similar fit to either single-or multi-Lorentzian (~2% of the 960 spectra) which we also classify as IMLG. Another six samples were estimated 19-86% of incommensurateness (referred as Sample 2-7 or S2-S7) by analysis of 250-760 spots of several regions for each sample and tested as an active electrode in LiBs. Though, we can suggest that small atoms/ions such as lithium may easy penetrate within layers due to weakened interplanar interaction.
High crystallinity determines the charge collection in electrodes since the electrical conductivity arises in part from the hopping of carriers between crystallites. Fig. 2e ) which can be assigned to the boundary defects 41 . Very small amount of values (less than 10%) are in the range of I D /I D ′ = 7.5-11.5 which can be assigned to vacancies such as topological defects and carbon voids. Overall, low defect concentration (~ 0.02% of carbon) is similar for all seven graphene samples which allowed us to neglect any impact of original defects on the battery performance.
Graphene foams (~1 mg) with 19-93% incommensurateness (Samples 1-7) were prepared as thin electrodes and tested over 80-100 cycles in electrochemical cells (EC) (Fig. 3 and Supplementary Fig. 11 ). Voltage-charge/ discharge measurements (Fig. 3a,b) show that initial discharge (Li-insertion) capacity profiles are different from the subsequent cycles caused by formation of a passivating film (referred to as the solid electrolyte interface-SEI). The second discharge capacity was increased from 444 mAh g −1 (Sample 7) up to 1,542 mAh g −1 (Sample 1) by an increase in graphene incommensurateness from 19% up to 93% (Supplementary Table 3) . Commercial graphite was also tested which performs 258 mAh g −1 capacity at 100 th cycle. Discharge capacity shows nonlinear dependence on incommensurateness (inset- Fig. 3b ) with the Li 3 C 4 stoichiometry maximum corresponding to capacity of 1,674 mAh g −1 . We assume that other factors such as interplanar rotation angle and number of layers affect to the formation of reversible capacity. The reversible capacity stabilized within the first 3-5 cycles, and charge-discharge retention remained over 95% throughout 100 cycles. Thus, at least five charge-discharge cycles were run for further characterizations of electrodes. The cells that exhibit 1,030-1,100 mAh g −1 at the second discharge cycle (as Sample 2 in Fig. 1d ) demonstrate high coulombic efficiency up to 100% after a few cycles. The cells that exhibit a higher capacity than 1,100 mAh g -1 in the 2 nd discharge cycle demonstrate lower (73-75%) coulombic efficiency (as Sample 1 in Fig. 1d) . A larger amount of lithium has been inserted at initial intercalation stage of Sample 1 (3,302 mAh g −1 ) than for Sample 2 (2,933 mAh g −1 ) even though there is no significant difference in incommensurateness, defect's concentration and BET results between these two samples (100.8 m 2 g
SSA for Sample 1 and 95.7 m 2 g −1 SSA for Sample 2). Therefore, we consider an additional factor, the number of graphene layers, to explain this variance in capacity. Recombination of layers during the second cycle may govern further reversible capacity and coulombic efficiency as well on subsequent cycles. The incommensurately-stacking feature of pristine layers such as rotation angle and interaction with commensurate layers can play significant role in the initial intercalation stage, and lead to further reconstruction of layers.
The rate capability of the cells and Li/Li + potential were characterized by cyclic voltammetry (Fig. 3c) . The shape of curves matches the voltage plateaus of profiles in Fig. 3b . The anodic peak at + 0.34 V is fully developed and stabilized within first 5 cycles indicating maximum lithium insertion. Figure 3c shows C-rate testing exhibits stability of the cells under high current densities which makes these cells feasible.
As the measured reversible capacities are considerably high, at that point we consider a lithium insertion model other than a model of LiC 2 by Sato et al., ref. 10, which would explain any LiC 2−x (0 ≤ x ≤ 2) formation. In this regard, we prepared electrodes and investigated the structural, binding and electronic changes of graphene after five cycles of battery tests.
The XRD (002) peak of intercalated electrodes (unexposed) is lower and broader than pristine samples as measured after 5 th cycle (Fig. 4a ). This type of (002) peak with smaller (100), (004) and (110) peaks observed for the electrodes which demonstrated 800-850 mAh g −1 specific capacity as Sample 3. Note that this peak was decreased (as Sample 2) with increased capacity and it disappeared from its nominal position (2θ = 26.45°) when capacity was greater of 930 mAh g −1 (as Sample 1). De-inserted electrodes exhibited similar tendency with the same capacities. When lithium intercalates within commensurately-stacked graphene layers such as graphite, the sheets rotate from AB (d = 3.35 Å) into AA stacking (d = 3.6 Å) bringing carbon honeycombs directly above and below one another 42 . Thus, for intercalated electrodes, the (002) peak is expected shift to lower 2θ position. On the contrary, no noticeable Bragg peak was observed within 38° and 9° (inset- Fig. 4a ) for highly intercalated samples. The absence of (002) peak could be result of single layers interacted with larger d-spacing (d ≥ 3.6 Å) 43 by elimination of interplanar interaction or significant damage of structure which can be confirmed by Raman analysis.
SAED was measured for several sheets which indicates that the stacking geometry of incommensurate graphene sheets changes after the insertion/de-insertion of lithium. The revealed d-spacing peaks at d Li-inserted = 3.9-4.06 Å and d de-inserted = 3.65-3.8 Å (Fig. 4b) indicate AA stacking. As we can see, the lithium is adsorbed between two layers at the distance of 1.85-2.03 Å (1/2 d Li−inserted ) which correlates with the theoretically calculated values of lithium hosting distance from graphene1.84-2.02 Å 44 . We conclude that in the initial cycle a large amount of lithium atoms adsorb into graphene layers due to their weaker interactions and moves graphene layers farther apart resulting in free expansion of the structure either inner or outer sites of sheets. Once the sheets were adjusted to AA stacking during lithium intercalation, they stayed in that position after de-insertion governing further reversible cycling. This reorganization is different from the intercalation of graphite, where the sheets return back to AB initial stacking during de-insertion.
Structural and electronic changes in the graphene were obvious also by Raman analysis of electrodes (Fig. 4c -e and Supplementary Fig. 12 ). The shift and splitting of G band was observed: G 1 -related to interior carbon layer with no lithium intercalated and G 2 -related to bonded carbon layer with lithium 45, 46 . The height ratio of G 1 to G 2 peaks was 0.08 averaged (Fig. 4d) for 80 spectra (Supplementary Fig. 13 ) by mapping of Sample 1 which increases to 14.7 after de-insertion (Fig. 4e) and confirms that lithium atoms are easy reversible bonded/de-bonded with sp 2 carbon. The peak at 1,645 cm −1 is associated with the out-of-plane LO + ZA phonon mode 47 and here is probably caused by bonding of lithium. The 2D and D bands nearly disappeared due to lithium insertion which is similar to highly intercalated graphite 48 . De-inserted samples after 100 cycles performed great homogeneity in ratio of Supplementary Fig. 14e) . Usually, the perturbation caused by the intercalated lithium atoms shouldn't have noticeable contribution to Raman D and D' bands 49 , and a slightly increased D band can be the result of the possible oxidation reactions of the residual lithium on the graphene edges. Single-Lorentzian is always good fit into 2D band (Fig. 4c) , and the broad variation of I 2D /I G and FWHM for pristine samples became narrower ( Supplementary Fig. 14c,d ) which indicates homogeneity of the structure in both in-plane and out-of-plane.
Thus, Raman analysis confirms that structural change out-of-plane has occurred due to intercalation but no significant damage in-plane happened after long-term cycling. The absence of the (002) Bragg peak is rather caused by delamination of multilayer graphene into single sheets than in-plane structural damage.
Usually, when lithium atoms adsorbs onto a carbon structure, it stabilizes by weakly binding its 2 s electron with carbon 2p orbitals. When transferred lithium atoms are not fully involved in charge transfer, the battery lifetime reduces due to metallic lithium plating the anodes. The Li 1 s has been registered at 56 eV by XPS for LiC 2 and it tends to the decrease towards to the metallic Lithium (55.2 eV) with increase of Li concentration 50 . Sample 1 performs single-Gaussian 1 s peak of lithium at 55.88 eV (Fig. 5a ) which can be assigned to LiC 2−x (0 ≤ x ≤ 2). Electron Energy Loss Spectrometry (EELS) analysis of Li-inserted nanosheets, under TEM, revealed Li-K edge at 55.8 eV (Fig. 5b) , which is considerably lower than for LiC 6 (57.5 eV) 51 . However, no metallic (54.97 eV) Lithium or other oxidized species of metallic Lithium (Li 2 O, Li 2 O 2 ) were revealed by either XPS (~56.5 eV) or EELS and most lithium atoms transferred to graphene participated in charge transfer. Note that samples were briefly exposed to air during transfer to the vacuum chambers. The peak at 58.3 eV on EELS is assigned to LiOH as a result of reaction between lithium atoms and H 2 O.
The XPS spectrum of C 1 s shows multiple splitting in Gaussian fit by forming C-C (sp 2 ), O-C-O and C = O bonds (Fig. 5c) . The shift of sp 2 peak by 0.5 eV (compared to pristine) confirms the charge transfer to carbon. The C = O peak associated with Li 2 CO 3 can arise from the reaction of Li + with carbonates of the electrolyte or with the reaction in air. Sufficient decrease of C = O peak for de-inserted samples indicates that most lithium was de-bonded during the de-insertion as shown in Fig. 5a . Carbon K-edge by EELS shows no chemical shift in the π * resonance, but there is a shift to the higher energy (0.6 eV) in the onsets of σ * orbital caused by charge transfer (Fig. 5d) . Thus, we conclude that high capacity is caused by large amount of charge transfer of Li + ions and insertion mechanism occurs other than reported so far. Sato's mechanism considered maximal capacity of 1,116 mAh g −1 according to LiC 2 formation when Lithium atoms can form Li-Li dimer molecule due to weakly binding of Li 2 s electrons on carbon site. Here, XPS analysis revealed that electrodes demonstrated large amount of Li 1 s electrons interacted to Carbon, and no metallic Lithium was registered either XPS or EELS which allow us to consider ionic lithium (Li + ) model. To confirm consistency of our EC measurements, we estimated Li:C ratio by appropriate interpretation of Li 1 s and C 1 s peaks (dividing by sensitivity factors). An averaged LiC 1.83 (capacity of 1,220 mAh g −1 ) was acquired from various spots of the sample which demonstrated a capacity of 1,269 mAh g −1 at the 5 th cycle of EC measurement.
HRTEM imaging of intercalated nanosheets detached from Sample 1 revealed well-aligned periodic patterns with respect to graphene planes (Fig. 6a-c) . The measured interatomic spaces are varied from 3.08 to 3.3 Å. Though, these values are larger than spaces between centers of hexagons (2.46 Å), where we most expect engagement of lithium atoms, but it is smaller than metallic Lithium-3.51 Å. The efforts to find similar periodic patterns on de-inserted or pristine nanosheets were unsuccessful. De-inserted nanosheets are noticeable different of Li-inserted ( Fig. 6d and Supplementary Fig. 15 ) and the linear patterns were observed everywhere. FFT analyses revealed interline distances of 2.5-2.6 Å (Fig. 6e ) similar to the distances of carbon bonds in hexagons (2.46 Å) which can result due to AA stacking. Moiré patterns are observable for small regions as an evidence of uncompleted AA stacking (Fig. 6c,e) . We attempted to define the nature of observed periodical patterns of intercalated samples by conducting to EELS measurements of the area which confirms the failure to detect metallic Lithium, but LiOH along other lithium species (Fig. 5b) were revealed as indicative of lithium atoms and ions. The arrangement and periodicity of those patterns led us to assign it to lithium atoms in manner as every atom was associated to each hexagonal ring of graphene (Fig. 6f) . The binding of OH-groups to lithium atoms as a LiOH may cause interatomic extension on HRTEM image but we also consider that interatomic spaces can be affected by other reasons such underneath Li layers, the rotation angle of adjacent graphene layers, in-plane graphene curvature and Li-Li repulsive forces. However, in-situ HRTEM measurements and further calculations are necessary for complete understanding the intercalation mechanism within incommensurately-stacked graphene layers.
Thus, based on XRD structural analysis of intercalated samples we conclude that all galleries of incommensurately-interacted graphene sheets are fully occupied by lithium and they participate in charge transfer as Li + . In addition to structural and binding changes of lithiated graphene HRTEM observations allow us to propose a model where lithium atoms adsorb above and below each hexagon in multilayer configuration (Fig. 6f Table 4 and Supplementary Fig. 16 ).
The larger number of initial layers can lead to higher capacity of the cells if interplanar interaction forces are weak enough to host larger amount of lithium atoms within graphene layers during the initial intercalation process and split them much longer distances due to lithium accumulation or Li-Li repulsive forces. As we found by XRD/SAED results, during de-insertion process the layers do not return back to initial d-spacing position and graphene interplanar interaction became even weaker than in pristine layers (absence of XRD 002 peak). Then, during the re-intercalation at the second cycle, the recombination of layers can happen differently by coupling of various number of graphene layers (Supplementary Fig. 17 ). In fact, highly incommensurateness degree with larger crystallites can lead to the best intercalation and high flexibility of layer arrangements.
Conclusion
We successfully developed graphene foam with up to 93% of incommensurately-stacked multilayers that shows four times higher capacity of storing lithium than theoretical capacity of graphite. Large in-plane crystallites were produced over well-interconnected curved graphene sheets with separation of few-micron size pores. This graphene network demonstrates a reversible capacity of 1,540 mAh g −1 (75% coulombic efficiency) and 930 mAh g (over 99% coulombic efficiency) applied as an anode in lithium battery cells which was stable throughout hundred cycles at the high current density. We propose a lithium insertion model for multilayer configuration where all carbon hexagons are occupied by lithium atoms and the specific capacity increases as the number of graphene layers decreases. We found that high crystallinity and high incommensurateness within layers are key factors for exceptionally increased capacity. In fact, the weakened Van der Waals interaction of graphene layers enables easy and full penetration of lithium atoms, followed by flexible adjustment of the layers for stable cycling. An effective capacity increase over six times compared to traditional commercial graphite cells promises the feasibility of the rapid development of lightweight, cost-efficient, high-capacity rechargeable batteries based on the work presented here.
Methods
Incommensurate Multilayer Graphene (IMLG) foam preparation. Commercially-available Ni powder with 1-15 μ m size of particles (99.9% metal basis -Alfa Aesar) was used as a catalyst and substrate to grow graphene. The catalyst particles were placed into a 1.5″ diameter quartz tube and heated up to 1,000 °C ~50 mTorr of pressure using Ar/H 2 (3:2) (Research grade) gas mixture ~80 sccm rate as a carrier gas. A relatively low rate of methane gas, e.g. 5-8 sccm, was applied as a carbon source at 1,000-1,050 °C, and then the furnace was cooled down to room temperature at 100 °C/min rate. The nickel was then separated from the graphene by etching of Ni/graphene template directly in acids (1 M HCl + 1 M HNO 3 ) followed by washing of the residue in DI-water several times. Large black pieces flooded the water surface once the Ni metal template was removed completely. To avoid agglomeration in the graphene network, a drying process was then carried out using a Critical Point Dryer (CPD) (Samdri ® PVT-3D). The graphene network was rinsed with pure ethylene alcohol several times by replacing the water from network and was kept in the alcohol before starting the drying process. The samples were placed into a drying small chamber, covered by high purity ethanol which was slowly replaced by high purity (minimum 99.8%) liquid CO 2 with pressure 800 psi (±5%) (bone-dry LCO 2 ) followed by cooling the sample to below 0 °C where they were completely covered by LCO 2 . The chamber was then slowly heated up to 40 °C at a pressure of ~1,200 psi. After heating, the chamber was cooled down to room temperature and pressure slowly dropped to ~400 psi. At that point, the chamber was opened and the dried graphene pieces were acquired. The final dried graphene foam was yielded 0.1-0.15% of the initial mass of Ni metal.
Battery testing. The active material of graphene was weighed accurately in the range of 1 mg and it first was mixed with teflonized acetylene black (TAB-2) binder ratio (1:3 in mg) in agate mortar. The electrodes were pressed on the stainless steel collector having an area of ~2 cm 2 . The electrodes then were dried at 160 °C for 5 hours in a vacuum oven. All cells were assembled in Argon filled dry glove box. The active graphene material was used as a working electrode and Li foil as a counter electrode separated from each other by glass fiber (ADVANTEC, GB-100R) using 2032 Coin-type cell. 1 M solution of LiPF 6 was dissolved in a 1:2 ratio (by volume) of ethylene carbonate and dimethyl carbonate, and used as an electrolyte. The galvanostatic charge-discharge measurements were carried out using the "Arbin" instrument. Discharge and charge measurements were carried out at a voltage range of 3.0-0.005 V with different current densities of 0.1-5.0 A g Preparation of graphene electrodes for ex-situ analysis. The pairs of graphene cells were assembled as described in the previous section, and discharge/charge capacity measurements were performed in 5 cycles by applying 5 mV voltage. One measurement was stopped after 5 th cycle when the electrode was fully discharged (Li-inserted) and another one was stopped when the electrode was charged (de-inserted). The coin cells were unsealed inside of the glove box filled with Argon gas, the electrolyte was rinsed away as much as possible using dimethyl carbonate solvent following a drying process under Argon flow. Dried graphene electrodes were sealed and packed in plastic boxes and kept in glove boxes before measurements. We referred to those electrodes or sheets as "Li-inserted" or "de-inserted" in the main text.
Characterization of graphene foam and graphene electrodes. SEM imaging was done by SUPRA 35 VP (ZEISS) microscope using 5-15 KV accelerated voltage. Elemental analysis was performed using EDAX LN 2 cooling detector. Scanning Transmission Electron Microscope (STEM) analysis (30 KV accelerated Voltage) was also performed for analyzing the inner morphology of graphene sheets.
HR BRUKER D8 diffractometer with CuKα irradiation (λ = 1.54 Å) was used for XRD characterization of pristine graphene foam and graphene-based electrodes. The data were analyzed using X'Pert High Score software. The background of the patterns was subtracted automatically in a similar manner for the all curves.
XploRA Confocal Raman Microscope system (HORIBA Scientific) was used for Raman characterization of all samples. Two different wavelength of excitation Laser λ = 638 nm and λ = 532 nm were applied for the characterization of pristine graphene and graphene-based electrodes. Raman mapping was performed by 5 μ m (x and y axis) step under ×40 Optical lenses. LabSpec5 software was used for subtracting the background in a similar manner for each Raman spectra. The fitting of peaks and their detailed analysis was done using Origin 8.5 software.
XPS spectra were acquired using a VG Scientific MultiLab 3000 Ultra-High Vacuum (UHV) surface analysis system, equipped with a dual anode (Mg/Al) X-ray source, a VG-CLAM4 mispherical electron energy analyzer, and a 9-channel array detector. The measurements were performed at the base chamber pressure in the 10 −9 Torr range and non-monochromatized Mg Kα X-ray (hν ≈ 1253.6 eV) was used for the excitation radiation.
XPSPEAK41 analyzer software was used for interpreting the data. The shift of peaks has been calculated by interpretation of C, F and O 1 s peaks together using the data link: http://srdata.nist.gov/xps/. A FEI Tecani F20 transmission electron microscope, operating at 200 kV and equipped with a 1024 channel Gatan Image Filter (GIF) spectrometer was used for HRTEM imaging and EELS measurements. For this study, the spectrometer was fully aligned and the full width at half maximum (FWHM) of the zero-loss peak was measured without the sample to be about 0.85 eV. High-resolution EELS spectra, acquired using an energy dispersion of 0.1 eV per channel. The carbon K-, lithium K-and oxygen K-ionization edges were collected in the diffraction mode from several areas of the sample. The pre-edge background of raw data was fitted using an exponential model and subtracted from the all data.
